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ABSTRACT
Experimental measurements of the performance and the heat transfer

rates of liquid-propellant rocket motors oparating at combustion pressures
of 1000 psia and 1500 psia have been n:':ade with the WFNA -ammonia and
the RFNA(15% NZO*)-ammonia propellant conmbinations at mixture ratios
(oxidizer/fuel by mass) ranging from 1.0 to 3.4. The rocket motors were
convectively water-cooled and had nominal values of thrust = 500 lb, ) Syl
100, and contraction ratio = 18; the expansion ratios of the nozzles were
such a2 to give apnroximately optimum expansion to 14.5 psia atinospheric
pressure. The injectors were of the triplet type with six impingement
points. The highest val.es of performance and heat transfer, wh.ich were
cbtained at mixture ratios between 2.0 and 2. 3, were as followe {for com-
bustion pressures of 1000 psia and 1500 psia respectively): specific im-
pulse = 237 lb,. uac/lbm and 244 lbf. uec/lbm. specific impulse corrected
for heat transfer = 242 lb.. sec/lb  and 250 lb,. sec/lbm, characteristic
velocity = 4980 ft/sec and 5040 ft/sec, thrust coefficient = 1.53 and 1. 56,
average heat transfer rate in the combustion chamber = 2.9 Btu/in. 2, sec
and 3.5 Btu/in, Z‘ sec, and average heat transfer rate in the nozzle =
7.0 Btu/in. 2, sec and 9. 0 Btu/in, 2. sec. It was found possible to regener-
atively cool the rocket motor employed for the experiments at 1000 psia

combustion pressure by using the oxidizer {(RFNA) to cool the combustion

chamber and the fuel (ammonia} to cool the nozzle.
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INTRODUCTION

This report presents experimental measurements of performance and
heat transfer which were made as part of a continu.ing program of propel-
lant evaluation which has as its purpose the gathering of performance and
heat transfer data, as well as rocket motor design and operating infor-
mation, at combustion pressures up to 2000 psia using propellant combi-
nations of current interest. The propellant combination used in previous
experiments under this program was white fuming nitric acid (WFNA) and
jet engine fuel (JP-4). The results of the experiments with WFNA and
JP-4, which were conducted at combustion pressures ranging from 300 psia
to 2250 psia, were repor{ :d in Reference 1.

The experiments reported herein were conducted at nominal combustion
pressures of 1000 psia and 1500 psia using the following two propellant
combinations: (1) white fuming nitric acid {WFNA) as the oxidizer and

anhydrous ammonia as the fuel and (2) red fuming nitric acid {RFNA) con-

taining 15 per cent N,O4 as the oxidizer and anhydrous ammonia as the fuel.

The latter propellant combination has been invsstigated previously at com-
bustion pressures ranging from 750 psia to 2160 psia; the previous investi-
gation, which employed rocket motors having approximately 250 lb thrust,
was reported in Reference 4.

A different rocket motor was used for each of the two levels of com-
busticii pressure so that the same values of thrust, L*, and contraction
ratio could be maintained. The motofs were convectively water-cooled
except during two tests at 1000 psia combustion pressure in which regener-
ative cooling was employed. Firing runs of between one and two minutes
duration were made during which the mixture ratio was varied while hold-

ing the combustion pressure near the desired value of either 1000 psia or
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2 CONFIDENTIAL

1500 psia. Measurements wera made of specific impulas, charactariatic
velocity, thruat coefficient, avaragn heat transfer rate in the combustion
chamber, and average heat tranafar rate in the nozzle, at mixture ratios .

(oxidizar/fuel by mana) ranging fram 1.0 to 3,4,

EXPERIMENTAL APPARATUS, PROCEDURES, AND INSTRUMENTATION
Two rockat motors were siployad for the investigation of nitcic acid
and am:wmonin, Except for minor modifications the mortor with which tha
experiments al 1000 paia comdustion prassure ware conducted was similar
w that employed for conducting the invenstigation of WFNA and JP-4 at
1000 paia combustion pressure reported in Referonce 2, The rockat motor
with which the expsriirients at 1500 psia combusiicn preasure ware conductad
was the one utilined in the investigation of WFNA and JP-4 at 1500 paia com-
bustion pressure reportad in Reference 3. The motors had nominal valuas
of thrust = 500 b, L.l » 100 and comiraction ratio (combu4tion chamber
crosn-sactional area/nonzle thra-t area) = 18, The axpansion ratios of the
noszlea (noxrzle axit araa/nozzle throat area) wera 7.4 for the rocket motor
employad for the investigation at 10600 paia combustion premsure and 10. 4
for the rocket mator amployed for the investigation at 1500 paia combustion
prossura; thosw expansion ratios were alightly lowar than the optimum
valuas, but for both noxxlaa the lose in thrust coufficlent dye to underex-
pansion was calculated to be lass than 0,1 par cant, The injectors were of
the tripletl type with aix impingement points; at sach impingemeat point two
oxidizer streams Impinged on one fuel stream. A turbulence ring was lo-
cated about 0,25 in. beyond the impingement points, The diameters of the
injactor orifices wore tho same for both of the rocket motorna and the in-
jactiva preasure drops were approximately 140 psi for bnth he fusl and the

oxidizer at a mixture ratio of 2,2. Each rocket motor employed a helical
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copling passage in the wall of the stainlean steel vhrmber and 1n the wall
of the copper noxzle, and a coolant pansage was alao provided in the tux-
bulence ring. Water was the coolant in all of the expariments sxceapt for
one experiment at 1000 paia combuation pressurs in which the nozzle was
rageneratively cooled by the fuel (armmonial and one expearimeaent at 1000
paia in which the nozzle was reganaratively cocoled by vhe fusl and the
combustion chamber and the turbalence ring were regenrratively coolad
by the oxidizer (RFNA)., A more detailed uenscription of the two ro«kei
motors, together with a drawing of one of the rockat motors, is prenented
in Appendix B,

The propellant feed systern and the (nolant fesd system weare the same
ones employed. for the investigation of WFNA and 2¥-4 at 1500 puia com-
bustion pressure reportsad in Refarence 3 except that different metering
orificas ware usad for measuring the propeilant flo'x rates and a diffarent
method for {gniting the propellants was utilizerd, For the acid-ammonin
axperimants ignition waa obtained by placing, prior to sach run, about
6 in, of 1/B~in, diamuier lithium wire in the anunonia iine batween the
propellant valve and the rocket moutor; when the flow of hiquid ammonis
ntarted the lithium dissolved making the ammonia firat entering the com-
bustion chamber hypergolic with the nitric acid, In all of the runa with
water-cooling the ammonin was supplied to the rocket motor at the ambient
tamperaturo in the teat cell (bOoF to 80°F*,

Tha ammonia usad in the investigation wiae commercial anhydrous

ammonia containing 99.5 per cent NH The white fuming nitric acid

3
(WFNA) war spacified when purchased to contain not leas than 98.5 per

cent IINO3. and the red fuming nitric acid JRFNA; was apacitied to be in

accordance with government specification MPD-138-A 115% + 1% N,0O,.
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3% 1 0.5% H,0, 80,0% to B1.5% HN()J, 0.5% + 0,1% HF, 0.1% maximum
nolide). No analyses wara mada to check the componition of the acids, but
the apecific gravities wara {ound to correapond to the specified percantages
of N, Oy and HZD'

The instrumentation was the same an that amployed for the teste of
WENA and JP-3 at 1500 pein reaporind in Referenca 1, Flaw ratea wate
meaaured with orifice meters and the thrust, the preassurss, and the dif-
farantial prasnuros ware measured with Wiancko pickupa and recorded on
Brown "Elactronik' stiip.chart racordars, The coolant tamperaturen wara
mennsuraed by lron-ionatantan thermocouplan and wars racordad on Brown
strip-chart racordera,

During each run the mixtura ratic wan varind in atepa while the rom-
buation presaure was maintained nant th: Aenized lavel of sither 1000 paia
or 1500 peia, The requiterd variationa in the propallunt flow vatea ware
ohtainead hy raising tha prapellant tank precaures and by oparating throttle
valvar in the propeliant faed linen; the valves were remotealy actuated hy
An vperator who waa gulded {n making the adjustmentas hy metera indiating
the propellant flow ratos and the combuntion pressure. Aftar antablishing
each mixture ratio the rocket motor was permittad to run for 106 to 20 snevonda
with no further adjustments of eithar the tank prasasuras or the throttla valvex
thun giving steady-state operation, Ordinarily, it was possible to hold the
combustion prassure to within 30 pai of the desired value, but greater
daviations somatimen occurrad becaune of limitations in tha «cntrol appara-
tun; some of the measurements reported herain wera therefore obtained at
combuation pressures differing by an much aa 90 pal from the nominal valuen

of either 1000 paia or 1500 paia.
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EXPERIMENTAL PERFORMANCE

The performance and heat transfer data obtained from all of the experi-
ments in which valid measurements were made are tabulated in Appendix E.
Each value tabulated is the average value measured during at least five
seconds of steady operation. Values of the estimated errors in the measur-
ed values of performance and heat transfer axe presented in Appendix F,

The measured values of specific impulse [, specific impulse corrected
for heat transfer Isa » characteristic velocity c*, and thrust coefficient CF‘
ax;o plotted as a function of mixture ratio {mass flow rate of oxidizer/mass
flow rate of fuel) in Figures 1 through 7. The values of specific impulse
corrected for heat transfer, I’a' were obtained by adding to the measured

specific impulse, I,, the additional specific impulse which it was calculated

8*
would be obtained if there were no heat transfer to the rocket motor walls.
The added specific impulse was a maximum of 6.5 lbf- aec/lbm for the
maximum heat transfer rates which were obtained in the tests, The defi-
nitions and formulas used in computing I, ¥, CF" and Isa are presented
in Appendix C.

Also plotted in Figures 1 through 7 are curves which show the percent-
ages of the theoretical{frozen composition)performance values which were
found to best fit the experimental data over the mixture ratio range from
1.0 to 3.4. The theoretical performance values from which these curves
were obtained were extrapolated from the theoretical {frozen composition)

.
performance values presented in Reference 5 for combustion pressures up
to 800 psia; the method of extrapolation in described in Appendix D.
As can be seen from Figures 1 through 7 the performance obtained

with RFNA as the oxidizer was substantially the same as the pertormance

obtained with WFNA as the oxidizer. The highest values of Is and ¢ were

. CON~IDENTIAL
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obtained at mixture ration betwsen 2, 0 and 2. 3, The measured valuna of

»
1, I.A, ¢ and Cp at a mixturs ratio of 2.0, as given by the fitted curves,
togather with the correaponding parcentages of the theorastical performance

weare as followe:

TABLE )
Measured Parformance Yaluas at r = 2,0 and the
Corresponding Percarniages of the Thaoretical

{Fromen Composition) Performance Valuas

Perinrmance Parformance Performance

Parametar at 1000 peia at 1500 paia
Combuastion Pressure Combustion Pressure
1, 237 by uc/lbm 244 1bg uc/lbm
91 per cent 91 per cent
l.. 242 1by mac/lb 250 by uc/lbm
93 per cent 93 psr cent
* 4980 ft/eac 5040 fr/nec
924 per cant 95 per cant
T__.W* “-..,.N,-., RN O U G S S e e e e .
Cp 1. 53 1.56
| 97 par cant 96 per cent
The valuse of I, ~® awd O far tha twn 1000 naia tasts sith rexensra-

tive cooling (one teat having regenerative cooling of tha nozzle only) are

shown togather with tne values of [, I, c‘, and Cp, for the 1000 paia teata

fa

with water cooling in Figurea 1, 3, 5, and 7, As shown in Appendix C an

increase in the value of l. ovar the value with water cooling approximately

equal to Iu minun 1. {nhout % lh[- nar/lhm for the 1000 psia runa) would bhs
a

oxpected for experiments with regenerative cooling of both the combuation

chamber and the nozzle. An increase in [, of about 3 1bp sec/lbm would be

CCNriDENTIAL
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expected for experiments with regenerative cooling of the nozzle only.
However, these increases in I, are not clearly shown by the data since the
expected increases are of the same magnitude as the scatter in the measured
values of I« The main result obtained from the experiments with regenera-
tive cooling was that regenerative cooling with acid and ammonia was found
to be possible at the high heat transfer rates obtained at 1000 psia combustion
pressure. However, very favorable coolant velocities and temperatures,

as well as impractically large coolant pressure drops, were utilized in the
experiments with regenerative cooling. The ammonia velocity in the coolant
pas.ige of the nozzle ranged from 140 ft/sec at the entrance and exit of the
nozzle to 240 ft/sec at the throat of the nozzle, and the pressurc drop in the
coolant passage of the nozzle was 800 psi (inlet pressure = 2000 psia, outlet
pressure = 1200 psia). The ammonia was®cooled to 30°F or lower before
each regecaeratively-cooled test. The acid velocity in the coolant passage

of the chaimber was 50 ft/sec and the pressure drop in that coolant passage
was 400 psi (inlet pressure = 1750 psia, outlet pressure = 1350 psia'. The
acid inlet temperature was 79°F.

The performance obtained with nitric acid and ammonia was lower than
the performance which was obtained previously with WFNA and jP-4 em-
ploving the same rocket motors. The maximum specific impulse was ahout
4 per cent lower for the acid-ammcniz experiments than for the acid - JP-4
experiments. The maximum c* and the maximum CF were about 2 per cent
lower for the acid-ammonia experiments than for the acid - JP-4 experiments.
The lower values of I and <* obtained with the acid-ammonia propellant com-
bination probably indicate that there was less complete combustion of the acid
and ammonia than of the acid\and JP-4 since the theoretical performance of

the acid-ammonia combination is one to two per cent higher than the theo-
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retical periormance of the acid - JP-4 combination (as approximated by
acid-octane; Cf. Referance 3).

Figure 8 shows the injection pressure drops as a function of mixture
ratio for the rocket motor employed for the investigation at 1000 psia com-
bustion pressure; Figure 8 is based on the flow rates corresponding to the .
fitted theoretical performance curves. The injection pressure drops were
approximately 140 psi for both the fuel and the oxidizer at a mixture ratio .
of 2.2. The injection pressure drops for the rocket motor employed for
the investigation at 1500 psia combustion pressure were about 10 per cent
lower than the pressure drops shown in Figure 8. The injection pressure
drops for the regeneratively-cooled experiments, for which the nozzle

throat was enlarged (Cf. Appendix B), were about 200 psi for both the fuel

and the oxidizer at a mixture ratio of 2.2,

EXPERIMENTAL HEAT TRANSFER

The values of the aver~ge heat transfer rate in the nozzle (heat trans-
ferred per second to the coolant divided by the gas-side surface area of the
nozzle) and the average heat transfer rate in the combustion chamber (heat
transferred per second to the coolant divided by the gas-side surface area
of the combustion chamber) are plotted as a function of mixture ratio in
Fignrea 9 and 10, The curves drawn in Figures 9 and 10 show the upnar
and lower limits which include most of the heat transfer values obtained in
the experiments. The large scatter in the values of heat transfer can be
only partly attributed to experimental error (Cf. Appendix F); most of the
scatter represents actual variations in the heat transfer rates within runs
and from run to run, and it is believed that these variations were caused
chiefly by the erratic deposition of solid material on the motor walls. After

the firat test with each rocket motor a dark brown deposit appeared on the
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combustion chamber and nozzle walls which varied from a powdcry deposit
in the combustion chamber to a hard scale in the convergent section and
throat of the nozzle, The extent and thicknes; of the deposit appeared to
change somewhat from run to run, and the deposit was not removed between
runs. Since samples of the deposit were strongly attracted by 2 magnet it
is telieved that the deposit was chiefly iron oxide from the nitric acid.

As can be seen from Figures 9 and 10 the heat transfer rates obtained
with RFNA as the oxidizer were substantially the same as the heat transfer
rates obtained with WFNA as the oxidizer. The maximumn heat transfer
rates, which occurred at a mixture ratio of approximately 2.0, were about
2.9 Rtu/in. 2. sec in the combustion chamber and about 7. 0 Btu/in. 2. gec in
the nozzle for the 1000 psia runs, and were about 3.5 Btu/in. 2. gec in the
combustion chamber and about 9.0 Btu/in. 2. sec in the nozzle for the 1500
psia runs, These heat transfer rates were about 20 per cent lower in the
combustion chamber and about 10 per cent lower in the nozzle than the
values obtained previously with WFNA and JP-4 in the same motors. Differ-
ences this great would be expacted since the adiabatic flame temperature of
acid and ammonia is about 1000°F lower than the adiabatic flame temperature
of 5200°F for acid and JP-4.

The heat transfer rates in the nozzle obtained with regenerative-cooling
of the nozzle were within the range of the heat transfer rates obtained with
water-cooling of the nozzle, The heat transfer rate in the combustion
chamber obtained with regenerative-coolirg of the combustion chamber
was lower than the range of heat transfer rates obtained with water-cooling
of the combustion chamber, possibly indicating that more solid was depositzd
on the combustion chamber wall during the regeneratively-cooled run or that

deposits were formed in the coolant passage.
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CONCLUSIONS

1. Water-cooled rocket motors having nominal values of thrust = 500 lb,
L* = 100 in., and contraction ratio = 18, were s;zcceasfully operated at com-
bustion pressures of 1000 psia and 1500 psia using the propellant combina-
tions WFNA-ammonia and RFNA(15% N204)-ammonia.

2. The performance and heat transfer values obtained with RFNA as
the oxidizer were substantially the same as the performance and heat trans-
fer values obtained with WFNA as the oxidizer.

3. The maximum values of the characteristic velocity, the specific im-
pulse, and the heat transfer rates were obtained at mixture ratios (oxidizer/
fuel by mass) between 2.0 and 2. 3,

4. The maximum value of the characteristic velocity was 4980 ft/sec
(94 per cent of theoretical) at 1000 psia combustion pressure and was
5040 ft/sec (95 per cent of theoretical) at 1500 psia combustion pressure.
The maximum value of the specific impulse corrected for heat transfer
was 242 1b.’ sec/lb_. (93 per cent of theoretical) at 1000 psia combustion
pressure and was 250 lbf' sec/lbm (93 per cent of theoretical) at 1500 psia
combustion pressure.

5. The maximum value of the average heat transfer rate in the com-
bustion chamber was about 2.9 Btu/in. Z. gec at 1000 psia combustion pres-
sure and was about 3.5 Btu/in, 2. sec at 1500 psia combustion pressure.

The maximum value of the average heat transfer rate in the nozzle was
about 7.0 Btu/in. 2, sec at 1000 psia combustion pressure and was about
9.0 Btu/in. 2. sec at 1500 psia combustion pressure.

6. The performance obtained with acid and ammonia was 2 to 4 per cent

lower than the performance obtained with acid and JP-4 employing the same

rocket motors. The heat transfer rates obtained with acid and ammonia
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ware 10 to 20 par cent lawer than the heat tranafer ratea obtained with
acid and JP-4,

7. The rocket motor employed in the sxperimanta at 1000 paia com-
burtion pressura was succeanfully operated with regenerativa cooling; the
fual {aranmonia} was utilized for cooling the nozrle and the oxidizrer (RFNA)
for cooling the combustion chamber, The voolant preanure drops were

200 pal in the nozzle and 400 pai in the ~ombuation chamber,
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APPENDIX A

SYMBOLS

throat area of the nozzle, in. z

characteristic velocity, ft/sec

thrust coefficient

thrust, lbf

specific impulse, lbg sec/lb .

specific impulse corrected to adiabatic wall conditions, lbf- sec/lbm

specific impulse corrected to regeneratively-cooled conditions,
lbg sec/1b

apparent specific heat ratio of the combustion gases in the nozzle

ratio of the combustion chamber volume {from the injector face to
the nozzle throat) to the nozzle throat area, in.

flow rate of the fuel, lb_/sec

flow rate of the oxidizer, 1b_ /sec

flow rate of the coolant through the combustion chamber and the
turbulence ring, lb, . /sec

flow rate of the coolant through the nozzle, lbm/sec

combustion pressure, psia

nreagscure drep in the {fuel iujeciion orifices, psi

pressure drop in the oxidizer injection orifices, psi

average heat transfer rate in the combustion chamber, Btu/in. 2- sec

average heat transfer rate in the nozzle, Btu/in. 2, sec

total heat transfer rate in the combustion chamber, Btu/sec

total heat transfer rate in the nozzle, Btu/sec

total heat transfer rate to the turbulence ring, Btu/sec

mixture ratio, oxidizer/fuel by mass {r = n"\o/nhf)
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18

aT

AT, .

CONFIDENTIAL

heat transfer area of the combustion chamber wall, in.

heat transfer area of the nozzle wall, in,

temperature rise of the coolant at the cutlet of the coolant passage in

the combustion chamber, °r

temperature rise of the coolant at the outlet of the coolant passage in

the nozzle, °F

temperature rise of the coolant at the outlet of the coolant passage in

the turbulence ring, °F

CONFIDENTIAL




CONFIDENTIAL 19

AYCENDIX B
DESCRIPTION OF RESEARCH ROCKET MOTORS

t. Rackat Maotnr Employed for the Investigation st 1000 paia Combustion

Pressure

The nannle of the motor employed for the investigation at 1000 pria tom-
bustion pressure was the same noxzle that was employed for the invesatigation
of WFNA and JP-4 reported in Refarence &, Due to the loas of copper from
*he throat of the noxxle during tha WFNA - JP-4 runwe the throat diameter at
the baginning of the acid-ammonia investigation was 0, 692 in, instead of the
demign value of 0, 641 in, indicated in Figure 6, Reference 2. During the
acid-ammonia runs the throat diameter gradually increased to about 0, 698 1n,
The maan diameter of the throat during the runs was 0, 695 1n, so that the
coniractiva 1ativ for the nusxle was 15, 3 and the l.‘ of the rockst motor wan
109 in. ; the thrust of the rockat motor at 1000 pria combustion pressure wan
580 1b, The axpansion ratio of the nozxzle waa 7,8, ynaking the norzie under-
expanded since the calculated expansion ratio for optimum axpansion to 14, 5
puia (the local mean atmospheric pressure) was B. 4; however, the calculated
loas in thrust coafficient and apecific impulse due to underexpansion was
only 0. 04 per cent. The heat tranafer area of the nozzle wall was 24,0 in, Z,
For the regansratively-cooled runs the nozzle throat waa forced outward
with a tapered rod to insure complete contact with tha fillar hock; this re
sulted in a throat diametor of 0,767 in,, and the corresponding contraction
ratio was 12, 6, the L* was 89 in., the thrust was 700 Ib, and the expansion
ratio of the nozzle waa 6.4, making the nozzle undarexpandad to the axtant
ot a U.4 per cent loss in thrust coefficient and speciiic 1mipulsa,

Wator was supplied to the coolant passage of the nozzle at a presaure of

approximately 1000 pria and with a flow rate of approximately 1.2 lb/8ec,
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The water was discharged from that coolant pansage at a pressuras of approvi-
mately 150 pela. For the runs utililizing aramonia for cooling the nozele the
ammonia entared the coolant pansage of the nogxle at 2 p. wasurae of about
2000 prin witha flow rate of ubout 0,91 Ib/nec and the ammonia was discharged
from that coolant paanage at 1200 paia,

‘The combunstion chambar wan the one employed in the investigation of
WFNA and JP-4 reported in Raferance 2, and the turbulence ring wan mada
to thm nama drawings an tha turkuleance ring employed in the WFNA - P-4
invertigation, The heat transfer area of the combunation chambar wall was
41,4 in "

Water wan supplied to tha coolant pasaage of the combuation chamber
at a pressures of about A0 paia and with a flow rate of about 1.4 1b/sac,

The water wans dinchargad from that coolant passage at a prossure of ap-
proximately 500 paia. The same watar then entered the coolant passage

in the turbulence ring and wan dincharged from the turbulence ring with a
pressure of approximataely 400 peia. For the run with acid-couimg of the
combunt:on chamber and turbulence ring the acid anterad the coolant pasmags
of the combunation chambar at A pressure of about 1750 paia with a flow rata
of 2,0 lb/wac and wans discharged from that coolant passage with a presaure
of approximately 1350 paia; the acid wan dincharged from the coolant
paanage of the turbulence ring at 1200 paia,

The injector was a new one having the same 1impingement -point locations
an the injector employed in the inveatigation of WFMA and JP-4 reported in
Refarence 2. The new injactor, however, had tha same manifold design and
the samae built-in fuel valve an the injector of the motor emplovad for the
investigation at 1500 psia combustion pressurs (Cf. Figure 11}, The in-

jector orifice diametors were 0.063 in, for the fuel {6 orifices) and 0,055 in,
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for the oxidizer (12 orificen), The ratio of the _ength to tha diameter for
the fuel orifices wan 2.5 and the ratic of the length to the diameter for the
oxidirar orifices was 3,1, The entrances of the oxidizer orificas ware
square and originally the antrancas of tha fuel orifices weres chamferad to

a diamoter of 0.1 in, In water tesatn of the injactor {(with atmoapharic back
preanura) the fual streams were obasrvad to braak up rapidly after laaving
the injection orifices, Subrequently during the investigation of WFNA at
1000 paia combustion preasure two runs gave anomalously low perfotmance;
nince the change in parformance might hava hesn due to an increase in the
disporaion of the fus] streams under some flow conditions, tha chamfered
entrances of the fual orificas ware welded shut and radrilled to give square
sntrances. The experiments with RFNA were conducted with the redrilled
fuel orifices und measurements shov-ed that the preassure drop in the re-
drillad orifices wan the same as in tiie vi.ginal orifices, It was found later,
however, that the anomalousty low parformance cbtained in the two runs
dincunnad above wihs not due to changes in the dispersion of the fuel satreama
but tu plugging of the oxidizer orifices resulting from the use of a drum of
Acid conlainming An exceptionally large amcunt of suspendad solide, The
anomalous data ware discarded,

¢, Rocket Mptor Employed for the Invaatigation at 1288 Laiw Cusnbustion

Pressure

Figure 1] presents a drawing of the rocket motor that was employed
for the inveatigation at 1500 paia combustion pressure. The nozzle of that
motor wias the same one that was employed for the inventigation of WFNA
and JP-4 reported in Referenca 3. Dua to the lnns of ropper from the
throat of the nozzle during the WFNA - JP-4 runs the throat diamater at

the beginning of the acid-armmonia investigation was 0,555 in, instead of
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the design value of 0,520 in. indicated in Figure 11, Mwring the acid-
ammonia runa the throat diameter gradually incruased 1. about 0.563 in,
and the throat bacamae scored and out-of-round, The mian diameter of the
throat during the runs was 0,559 in, ao that the contraction ratin for the
nozzle was 18,0 and the L* of the rocket motor wan 114 in,; the thrust of
the rocket motor at 1500 paia combustion pressure was 570 lb, The expan-
mion ratio for the noxrle was 10,4, making the nozzle under-expanded since
the calculated axpansion ratio for optimum expansion to 14,5 psia waa 11,3;
however, tha calculatead lons in thr: at coefficient and spezific impulas due
to under-expansion was only 0, 04 par cent, The heat tranafer area of the
noxxle wall waa 17,9 in, 2'.

Water was supplied to the coolant passage of the noxele at a pressurs
of approximately 1500 paia and with a {low rate of approxamataly 1.9 lb/sac,
The water was discharged from that coolant passage at & proamurae of approxt-
mataly 200 paia,

The combuation chamber and the turbulence ring were made to the same
drawings as the combustion chamber and the turbulunce ring employed in
the investigation of WEFNA and JP-4 roported in Reference 3, The heat
tranafer area of the combustion chamber wall wans 35, ) In.z'.

Watar wanm sunnliad ta tha conlant pasnmaga of tha combunation chamher
at a presaure of about 1000 psia and with a flow rate of about 1.5 1b/aac.
The water was diacharged from that coolant passage at a prensure of approxi-
mately 750 psia, The same water then entared the coolant pansage in the
turbulence ring and was discharged from the turbulence ring at a pressure
of approximately 650 pasia,

‘The injector was the injector "' empluyed in the investigation of WFNA

and JP-4 reported in Referance 3: iha 6 fuel injection orifices were enlarged
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to a diamater of 0, 063 in, apd the 12 oxidizer injection orificesr ware left
at their originsl diameter of 0.055 in, Tha ratio of the length to the diama.
tar for the fuel orifices was 2.2 and the ratio of the length tc the diamaeter
for the ovidizer orifices waa 3,3,

The propellart valve amployad for the Investigation of acid and ammaonia
wan that utilized in invenstigating WEFNA and JF-4 at 1500 paia combustion
pressura. Partial-flow starta were emploved; one pair of propallant valvens
openad and admittod about ona fourth of the full flow rata to the rocket
motor; shen, after about one sacond of operation at partial flow, the second
pair of valves opened and the flow raies incraased in a period of about 0,1
second to their il valuens, The starta were nometimes audibly rough, but
the oscillograph records (valid to about 100 cpa} showed no overshoot in the

combuntior prasaure,
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AFPPENDIX C
DEFINITIONS AND FORMULAS USED IN CALCULATING

PERFORMANCE AND HEAT TRANSFER YALUES

The definitions uaed in this report for the parformance parameteaxs I,

* *
¢, and C_ are an follown

F
il /
1 . Ib, nec/1b (1)
] f m
th, + rhe
P
o _,.E_Af_ b, weg/Ihy,
th + rhy
] Pf_‘ A( .
or ¢ = 32,1739 ... ft/nec {2)
Lo B
9] 1
!
F
Cp = e (1)
r,C At

The valuas of average heat transfer rate in the combhuation chamber
and in the noexle ware calculated from;

q n QC/Sc (4)

[

-
i
-

q x /8
I n

1 i

The equation used for calculating Qc and Qn' aw well as Qtr' wan
derived an follows:

Fluid flows through a coolant passage with mass flow rate rh, and
between the inlat, station 1 and the outlet, atation 2, heat is trans-

tarred to the passage at the rate of Q haat unita per unit time. The

* For notation see Appendix A,

e
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flow in steady, and kimetic energy changes and hsaight changes batwien
atations | and 2 can ba naglactad. The steady-flow anargy squation

glvesn far thies cane
Q = nm (h}‘ - hl) (6)
whare h in tha enthalpy par unit mass of the fluid,
If the tamperatura T and the preirsura P at atations | and 2 are
measurad than squation 6 cxu he employed directly in the form
{7}

Q = rh [h(Tl'.' Pz) - ""Tll P]’}

If the temparaturs and the presaure at station 2 are maaaured

both with heat tranafer = Q and with haat transfer » O, then Q can be
From squation 7,

calculated from aquation 7 modified uns followns:

for Q=0
{8)

O = m KT, P,) - n{T,, Pl)]

be the valuens of T, and P) whan Q = O and let ’I‘l
4 2 o

l.at T, and P
lo 24
and P, be the values of T, and Pl whan Q = O, From aquation 8 it
0

follows that
hiT, . P Jy=hiT , P )
29 Lq lo Iy
But T, = 'I‘l and Pl = Pl' rince the entrance conduivus aiw nuli
o [9)
Hence

affacioed by the rate of heat tranafer,
Pdo) = MTI' Pl)

h{T, ,
2o
Subsatituting the last relation into equation 7 givena
\
Q=rh[n(T, P,)-NT, ., P,))
™ - v 1)

Hence the last

For the experiments reported herein PZ w Pl .
(o]

nxpression can be written

CONFIDENTIAIG,




e e e e

CONFIDENTIAL 27

Q = m :P(P T)dT

~

T,

[+]

2t

where s {n the constant-pressure apacific haat of the fluid. The last
ralation can be approximated by

Q = rfxcp (Tz --’I“&O)-—'mcp AT {9)

whare E’; 1a the value of the specific heat at the pressure PA ant at a
tamparaluva aqual to T& + T"‘.Q
.

Equation 9 was amployed for calculating QC. Q.. and Q“_ for the
rune with watar-cooling since in the interaat of simplifying the inatru
mentation ihe inlet tamperatures were not measured. The cooling
watar was al'owed to flow long enough befora aach run tu permit a
conatant value of T, to be reached, as i» required for equation 9 to
he valid, KEquation 7 was employed for calculating the heat trannafer
rates for the runa with regenerative cooling since inlet tamperaturen
were meaniired in those experimaents,

The values of npacific immpulse correctad for heat transfer (In

' CSiaoniou fu atilabatic wall conditions and l”r correctsed to regener
ative-cooling conditions) were calculated from equations derived

a# follows (the derivation is bamed on that presented in Raference (}):

A, Temperature ratio across the nozzle with heat transfer

Consider an ideal rocket motor in which a perfect gas antera the
nor2le at the teinpeiatute i o the prassure Pc' and with the flow rate

m = n'10 + n‘\f. The gas han apecific heats Cp and ¢, Kas constant

R = € - ¢ , and spacific heat ratiok = ¢ /c , The temperature and
v p v
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the pressurs at the nozzle exit ara Ta and Pa; the pressure P_ is alao
equal to ths atmospheric pressurea, 7The entrupy change of a urit mass
of the gan a8 it goes from the initial atate T  and Pc to the final state

T, and P_ in given by the well-known aguation

T P

AS rc In 2. Rin 2
&S p T P

[ r

During the change of state of the unit masns of gas an amount of heat
Qn/".‘ in tranafearred to the aurroundings, If the heat trannfar history
of tha gaw in specified, together with T, Pc. and P‘. then the final
tamparature of the gaw T, is determinad with no additional information
heing needad about the gas or the surroundings. In particular, T. doan
not depend on the temperaturs of the aurroundings; the surroundings
can therefors have any tamperature, If the temperaturs of tha surround-
inga in At aach moment the same an the temperature T of the gan, then
the heat is tranafarred reaveraibly to the surroundings and the entropy

change of the surroundings during the chuange of state of the ganw ins

given by
T
? da,
AS = e
surroundings hT
‘e
But AS = AS 5
" 'universe gas? Paurroundings )
[{]
Ta P, ~ dQ,
Honce cpln—« -Rln — —_ =m0
T. P mT
\ e
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! T !

a
d44Q Q
Defina T by - n |
mT T |
T ;
¢ .
i
T Q \
Then ¢ dn -2 &« RIn.2 . T !
P, ¢ mT
R Q
< T me Y '
T p_F P !
Or =2y . 'i
T, P,
!
' For amall values of un/rﬁ p T the approximation can be made that !
' Q
- n_.
me T Q
a p O L i
mec T
P ‘

' This apnroximation was found te be accurate to within 0.2 per cent for
the valuan of Qn' m, cp and T encountered in the acid-amimonia inveati-
gation. Thus, the approximate value of Ta/Tc is given by tha lation
k-1 -
B’ {
T P u
.
— =1 (- n ) (10) {
P

o c

B. Nozzle exit velocity with hext tvanster i
Applying the steady-flow energy equation to the flow through the

nozzle gives
P

-Q_ = w(h, -h) 4 L/2mV

whera

hc = the specific enthalpy of tha gas at the entrance of the nozzle

h.ﬂ = the specific enthalpy of the gas at the exit of the nozzla
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V = the velocity of tha gaw at the exit of the nozale

{The velocity of the gas at the entrance of the nnzzlo in assumed

to be rero)

L y2
Thua 1/2th V¢ » th Cp (T, - T - Q.
v? T Q
Or — e, T (1 -2 n__) {11)
2 T, ey T,

Subatituting TG/T(‘ fvom aquation 10 yieida

ko) k-1

) k k
v P Q T P
— % ¢ T } -(-!) - n -
2 p

—_— ! -
P c

= =
c m cp '1'c T PC

|
%) ] > o12)
J

C. Temperature of the Kus enteriny the nomzle

The enthalpy of tha gaw entering the iuazle is squal to tha enthalpy
for adiabatic combustion CpTcl (baned upon tha propellants entering
the combustion chamber at somae standard temparature) plus any
onthalpy added to the propallants by rojenerative cooling of the com-
bustion chamber, turbulence ring, and nozzla, minus any snthalpy
‘aken from the gas by heat tranafer ro the combustion chamber and ro
the turbulence ring, (Subscript "a' indicates adiabatic conditions,
subscript '"r' indicates conditions for regenerative-cooling, and sul-
svaipi “w'indicatas conditions for water-cooling), Thus the enthalpy
of the gas entering the noxzle for the adiabatic casa {no heat transfar
to the chamber, nozzle, or turbulence ring) ia

m hca s rh cp Tca (13)

The enthalpy of the gas entaring the nozzle for the watev-cooled

case (Q. + Q,, transferred frorn the gas to the cooling water i the

combustion chamber and the turbulence ring and Qn transfoerred from
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the gar to the cooling water in the nuzzle) in

m hcW =~ I cp T(‘w = 1h cp r“a . (QC + Q”) {14)

The anthalpy of the gan entering the nozzle fnr the regeneratively-
cooled cane (QC + Qt'r tranaferred from the gas to the propsliant uead
for cooling the chamber and the turbulence ring and Q trannfarrad
from the gaa to the propellant uned for cooling the nozzle) i

m h =phe T smece T -(Qr+utr)+(0r+0tr+()n)

Cr p Cr PoCa
emh e T+ (15)
P n
From equation |5
Q
T = T - - (16)
“a “r m
i Conining equations 14 and 16 gives
|
. Q. +Q,_ +Q
T s T . G troom (17)

Cw tr m e

D, Nozzle exit velocity with water ccoling

Substituting T = T . 1n equation 12 and using the value of T
¢ Cow Cw

from equation 17 gives

2
! V. G, +Q,. v Q.
i —_— = (‘p T(. (1 - — 77 _ ) ¥
. 2 r hoc
; m tp '1cl
5 - s
P, k Q, P
- (=5 - 5T LA (18)
e ni « T(‘r ( E.,,“,,El' . Pe
rh ('p T .
where ) = ’I‘Cw/'['w
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F.. MNozzle exit velocity with regenerative cooling
Substituting T.= T, inequation 12 and assuming that T /Tr "
1y r

Te /Tw (calculatad to ba correct within 0,5 per cent for the acid-

ammonia sxpariments) gives

k-1 k-1
2 k = k
A P Q, Pe
SLEE U I T Rp— P ) (19)
2 p r ) o mc T P
r P Cr c

F. Noszla exit valocity with no heat transfer (adiabatic conditions)

Subatituting T . = T in aquation 12, (with Q_ = O) and uasing the
c C‘ n

value of T, from equation 16, gives
R

k-1
k
A
v Q P
N = I E I (20)
2 r rh o T"r c
G. Equations for 1, and I,
——te— . K ~A
Eliminating ¢p T‘"-r between equatirnm 18 xnd 19 yialds
k-1
v\ v g +aq,+Q o
SO A LA 1 - (—)
2 2 m P

or aince V= F/m =1,

Q.+Q,. +0Q P

2

P\ fly e S S Sy e
m P,

Eliminating Cp T. between squarions 19 and 20 yields
r

kol
P : k
A\ V; ()n F‘c
i R L e
2 PA i F'C
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k-1
&
Q e
or 1, A\ [Z - P (n-D(H (22)
A r m P
c
The valua of A employad for tha acid-ammonia investigation waa
1,312;1 thia value of X correapondad to a heat tranafer distribution
calculated for tha 1500 psia noxzle with WENA and JP-4 as the
propellanta, For A s 1.312, and for the unita of 1., Q, and m
liated in Appendix A, aquationms 2] and 22 becomoi
T T k-1
k-
Q_+Q,_+0Q P
P2
1, =\ /I +48.378 ST D 1 - (=9 (23)
“r "w m, + rh P
o { c
k-
k
Q P
oA\ s ot (24)
A r ""\o t I'Tl1f FC

The value of k used for the acid-ammonia investigation was 1,23,

The maximum difference hetween I, and !8 for the acid-ammonia
r w

experiments waa 7,4 b aac/lbm and the maximum differance betwean

I, and I"\ was 0.9 lhy aec/lb

approximate for the acid-ammoma experiments, the latter differance

mi ®ince the value used 1>r N wan only

could be an Little an 0,5 lbf' ne(-/lbm or ds large aa 1.5 lb[' acc/lbm

fox the astimated uncertainty 1n X,
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' l APPENIX D
EXTRAPOLATION OF THEORETICAL PERFORMANCE VALUES TO

1000 PSIA AND 1500 PSIA COMBUSTION PRESSURES

The theoretical pertormancs values presented in Figuras | through 7
for comparison with the mee surad performance values wer - ohtainad by
axtrapolating the theoreticual values of yarformance baasd upon thermo-

= chemical calculations for HNO3 and NH; prensentad in Refarence 5. The
latter rafsrance presents theorstical ({roxen composition) values of 1, and
¢® an & function of mixtura ratio for combuation pressuras of 300, 400,
500, 600, 700, awd 500 paia, basad on an exit pressurs of 14.7 paia; the
mixture ration coverad are 1,0 ta 3.0 mole ratic of NH4 to HNO,, which

correspond to mixture ratios of HNO, to NH3 by mawss of 3,70 to 1,43,

The valuea of theoratical c* were extrapolated to combustion preasuren
of 1000 psia and 1500 paia by plotting the values of ¢™ from Reiarence 5 an a
&%r function of combustion pressure from 300 paia to 800 peia and by extending
. the curves by free-hand to 1500 psia. Since the theoretica. ....uas of *
_"‘- increase by no more than 0,07 per cent per 100 pei ot 800 paia combustion

pressure iL was eatimnated that the maximum error in the extrapolated

valuas of c¢* is 0.2 per cent, The extrapol: ed values of ¢ are preronted

| in Table 2.

The valuea of Cp at 1000 paia and 1500 psia cornbuation prassure were

calculated, employing extrapolated v/ - f k, by means of the agquation
for the thrust coafficient of 2n ideal :at ynotor which is
kq 1 kel
» -1 r k
Z k 2 P“
i (—) 1- %) (1)
Yy k-1 k¢t P,
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The values of k nnad at 1000 psia and 1500 paia coyrbustion prosruze
wera axtrapolatad for aach mixture ratic from a plot of k an a function of
combustion pressura from 300 psia through 800 paia. The valuens of k at 300
paia through 800 puia combustion pressure were obtained by (1) plotting
curvens of Cp a9 a function of k, ainploying squation |, for valuea of Pa/p(:
corresponding to P, = 300, 400, 500, 600, 700, and 800 puia and Py, « 14.7
prin and (2) reading the valuas of k correaponding to the values of Cp
(= 32,174 1.,"‘*) Riven in Refaronca 5, The maximum variation of k with
presaure wan found to lead 1o a qnpaximum uncartainty in the axtrapolated
values of k of about 0, 3%; the corresponding maximum error in Gy {n
0.15%, The valuve of extrapolated Cp and k are prasantad in Tahles 2 and
3.

The valuea of thearatical I, at combustion preasi:as of 1000 puia and
1500 prin were calculated from the cxtrapoiated values of c* and Cp by
means of the relation I - Cp. <*/32.174. The maximum error in l,, com-
bining the extrapolation errors of c* and Gy in approximately 0, 33%, The

valuans of yxtrapolated [, are pressnted in Table 2,
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TABILE 2
Theoretical (Frozen Composition) Performance of HNC*3 and NH!

Extrapolated from Rofearence 5

Performance at 1000 psia Performance at 1500 pmia

rmnhuntinn pl'ﬁlh“l'ﬂ (‘nn]h\lltlﬂ" pressursa

r PR | R

1, c* Up 1, c* Cpo
1,213 2137, 2 4911 1,554 244, 1 4911 1.599
1,321 241.5 4986 1,558 248.5 49864 1. 604
1,423 245.8 %060 1,563 253, 2 5061 1.610
1,542 £50,0 8131 1,567 257, 6 51113 1,615
1,682 254, 0 5199 1.572 i61,8 5202 1.610
1. 850 257, 6 5260 1.576 65,6 5.6% 1. 621
2,056 260, 1 5499 1.579 .68, 5 5111 1. 626
, 2.312 256, 4 5219 1.581 L64,8 5232 1. 628
2. 064) 246, 2 5018 1.579 £54.0 5027 1. 626
3,08} 233.5 4770 1.575 40,5 4771 1. 621
).700 A18,2 44171 1.570 | Ll4.6 4471 1.616

TANL.E 1
Theoretical (Froran Componition) Valuea of Apparent Specific

Heat Ratio k Extrapolates from Referance 5

Yaluan ot k at Valuan of k at
| 1000 paia 1500 pria
! r combustion combustion
! praunura prennura

1,233 1,289 }.284
! 1,321 1. 279 1,274
! 1,423 1.268 1.263
1.542 1,258 1,453
1.682 1.248 1,245
1.850 1.240 1.238
.. 056 1.233 1,433
4. 312 1.230 1,230
2. 643 1.234 1..2%4
3,083 1.242 b, 242
3,700 1,262 b, 252
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APPENDIX E

TABULATED PERFORMANCE AND HEAT TRANSFER DATA

Tabier 4 through 7 prepenct the experimental performance and heat trann.
fer data which ware ohtained from all of the runs in which valid measurameanta

ware madea, HRuna for which data are not prasentsd in Tables 4 through 7

sither were runa :onducted for other purposea than the program reportad

harain or wara runs during which a malfunction pravantad the measurament

of valid data. Tha valuen presented in Tablos 4 through 7 were rounded off

frora the valusa computad by tha Datatron digital computer,

CONFIDENTIAL
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APPENDIX F
EXPERIMENTAL ERRORS

Errors in the measured values oi P, F, th,, m, r, I, c*, and Cp
were computed for each run, The method einployed for calculating the
errors in those parameters is described in detail in Reference 3, Appendix
B. Briefly, the errors computed were the maximum errors due to the com-
bination of (1) the eatimated error in each calibration standard, (2) the esti-
mated errors in the values of the orifice coefficients and the propellant
specific gravities, (3) twice the standard deviation of the calibration points
of the force and pressure pickups {(calibrated before, and usually after, each
run) from the least-squares equation fitted to the calibration points, and
(4) the estimated uncertainty in reading the chart records, Table 8 lists
the largest error in each parameter compuied for any of the runs and the
average error in each parameter for all of the runs; estimated errors in
q, and q_ are also listed.

The orifice meters used for measuring the propellant flow rates and the
coolant flow rates were calibra.ed with water both before and after the acid-
ammonia investigation. The acid orifice and the coolant orifices were cali-
brated over the range of Reynolds Numbers that cccurred during the rocket
motor runs. The ammonia orifice could not be calibrated at as high a
Reynolds Number as was z2ncountered during the actual runs; instead, the
ammonia orifice was calibrated over a wide range of lower Reynolds
Numbers, and the curve of orifice coefficient as a function of Reynolds
Number obtained from the calibration was exirapolated to cover the Reynolds
Number range of the rocket motor runs. The values o the orifice coefficients
measured before the investigation began were employed in reducing the per-

formance and heat transfer data. The calibrations of the orifice meters
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mhde after the invaatigation was completad were of lowar precision than
the original calibrations; the second calibrations wesin made only for tha
purposs of detecting any large changes in tha valuews of the orifice coeffi.
cianta, Tho second calibrations had a praciaion of about 4 1 per cent, and
the values of the coefficianta given by the sacond calibrationa were within

1 per coent of the values of tho coafficisnts given by the original calibrations, -
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TABLE S8

Enstimated Errores in tha Measurad Values

of Parformance and Heat Transfer

Manimum
Parameter rar cant
array
(largaat valun
for any run)
P, 1.5
F 1.5
lho 1.4
n"\f 2.3
r 1.1
I, a9
c* 1.2
CF 3.1
4, 5.0
q 5.0
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Maximum
per cant
®ror
(averaye value
for all of tha runa)

1.0
0.9
0.9
1.7

2.5
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